I INTRODUCTION
Micro perforated panels (MPPs) are thin panels perforated with sub-millimetre sized holes, and have been used in noise control for decades as an alternative to conventional porous materials.
When backed with an air cavity and a rigid wall, the MPP shows effective sound absorption, and this combined structure is called a micro perforated absorber (MPA). Although its sound absorbing bandwidth is relatively narrow compared to a porous material of similar thickness, the MPA is favoured for its unique properties. Unlike porous materials, MPPs are used in hospitals and electronic industries where particles must be avoided (Pfretzschner et al., 2006) . Metal MPPs can be used in harsh conditions instead of porous materials. For example, they are used inside the engines of cars and aircraft due to their resistance to high temperature. In addition, the analytical model for the prediction of the sound absorption of MPPs is well developed, which offers the opportunity to design MPPs to control specific sources of noise (Maa, 1998) .
The classical analytical model for the prediction of the sound absorption and acoustic impedance of MPPs was developed by Maa (1975) and has been widely used since that time. In recent years, Wang et al. (2010) investigated the sound absorption of an MPP backed by an irregular-shaped cavity based on Maa's theory. Using the classical theory, Liu & Herrin (2010) investigated partitioning the backing cavity of the MPA to enhance the absorption of normally incident plane waves. When Ruiz et al. (2011) investigated the sound absorption of multiple-layer MPPs, the acoustic impedance of each layer was obtained using the classical theory. Based on Maa's model, Park (2013) also analysed the combination of a micro perforated panel and a Helmholtz resonator. Herdtle et al. (2013) extended Maa's theory for micro perforated materials with tapered holes.
However, these studies are all based on Maa's classical model and neglect the effect of the panel vibration.
Maa's classical model assumes the panel to be rigid and as a consequence the effect of the panel vibration is neglected. However, additional sound absorbing peaks, which are not observed in Li, Cazzolato and Zander, JASA, p. 4 Maa's model, are observed in the low frequency range of experimental results (Toyoda et al., 2010) .
These unexpected peaks are evidence of the effect of panel vibration on the acoustic impedance of the MPA. This effect could be very significant when the panel is very light and thin, or if membranes are used in the form of a micro-perforated membrane (MPM).
To investigate this effect of the panel/membrane vibration on the acoustic impedance of an MPP/MPM, Kang & Fuchs (1999) coupled the acoustic impedance of a limp membrane with the acoustic impedance due to the perforations and derived an expression for the total acoustic impedance of an infinite MPM. They achieved this using the electric-acoustic analogy to combine the acoustic impedance due to the structural vibration with the acoustic impedance of the perforations as predicted by Maa's model. Thus, the effect of the size of the membrane was neglected in their model. Similarly, Lee et al. (2005) investigated the acoustic impedance of a flexible rectangular MPP, where the finite size of the panel was considered based on a modal approach. Bravo et al. (2012) extended the method of Lee et al. (2005) to a circular MPP. Takahashi & Tanaka (2002) coupled the acoustic impedances due to the MPP vibration and the perforations by spatially averaging the flow velocity through the perforations.
Note that all these methods used Maa's model to calculate the acoustic impedance due to the perforations, assuming that the vibration of the panel/membrane has no effect on the acoustic impedance of the perforations. In Maa's (1975) classical model, the particle velocity at the hole wall boundary is assumed to be zero. Although Takahashi & Tanaka (2002) investigated the relative velocity at the air-solid interface in the perforation, their alternative method to couple the acoustic impedances due to the perforations and the plate vibration still calculated the acoustic impedance due to the perforation using Maa's theory based on the rigid wall assumption. However, if the panel/membrane vibration is significant, the particles at the hole wall boundary adhere to the hole wall due to the no-slip boundary condition and their velocity can be assumed to be equal to the panel/membrane vibration velocity. Hence, the acoustic impedance due to the perfo-ration is not constant as in Maa's model but varies depending on the position of the hole on the panel/membrane surface. The spatially varying acoustic impedance implies that for thin membranes for which vibration is not negligible, the membrane vibration could have a significant effect on the acoustic impedance of the perforation, which has been neglected in previous research. This no-slip boundary condition which assumes the particle velocity at the perforation wall boundary is equal to the vibration velocity of the material, and the spatially varying acoustic impedance of MPMs are previously unexplored. This paper aims to investigate the acoustic impedance and sound absorption of a finite-sized circular MPM under tension using a new boundary condition which assumes that the velocity of the air particles at the hole wall boundary are equal to the vibration velocity of the membrane surrounding the hole. The new no-slip boundary condition is introduced in Section II.A. Based on this new boundary condition, an expression for the variable acoustic impedance of the perforation is obtained. In this expression, the vibration velocity of the membrane remains unknown.
The vibration velocity and the acoustic impedance of the circular membrane are investigated in Section II.B. In the developed model, the hole diameter and the perforation ratio are assumed to be sufficiently small that the effect of the holes on the motion of the membrane can be neglected. 
II ANALYTICAL MODELING
In the following section, an analytical model using the proposed boundary condition is derived.
The derivation starts with the motion equation of air particles in a small hole. The solutions of this equation using the conventional and the proposed boundary condition are compared theoretically.
The expressions for the acoustic impedance due to each of the perforations and for the combined MPM are also presented.
A Acoustic impedance and boundary condition of flexible micro perforated membranes 1 Motion equation of air particles in a small hole When a sound wave is travelling through the small hole of a micro perforated membrane or panel with a hole radius of r 0 , the particle velocity v is a function of the distance, r, from the centre of the hole to the position of the specific air particle, as shown in Figure 1 . This relationship between the particle velocity in the hole and the sound pressure applied on the membrane or panel surface is governed by the motion equation of the air particle (Maa, 1975) 
where K 2 air = − j ρ 0 ω µ , ω denotes the angular frequency and is equal to 2 π f , where f is the frequency, µ denotes the dynamic viscosity of air, ρ 0 denotes the density of air, ∆p denotes the pressure difference applied between the front and back surfaces of the membrane/panel, r denotes the radial coordinate relative to the local coordinates of each perforation, and h denotes the thickness of the membrane/panel, which is also the length of the hole. Equation (1) is an inhomogeneous differential equation and its general solution is 
The conventional rigid wall boundary condition
To solve Equation (2), it is necessary to determine the boundary condition. Due to the effect of viscosity, the air particles at the hole wall boundary adhere to the hole wall and their velocities are equal to the vibration velocity of the material. Maa (1975; 1997) assumed that the panel vibration due to the incident sound pressure is negligible and the panel can therefore be considered to be rigid, i.e.
Based on Maa's assumption, the particle velocity as a function of radius is obtained as
and the average velocity over the hole area is expressed as
where d is the diameter of the holes and equal to 2 r 0 , and x is called the perforation constant and is expressed as d f 10 . Equation (7) is widely used to calculate the acoustic impedance of micro perforated panels and is reported to show accurate agreement with experimental results. It should be noted that Equation (7) is based on the assumption that the panel vibration velocity is equal to zero, and is valid only when the panel vibration is negligible and the panel can be assumed rigid.
The proposed boundary condition
For lightweight micro perforated membranes, to be considered henceforth, the vibration of the membrane is significant and needs to be considered. Therefore, the proposed boundary condition between the membrane motion and the air in the hole can be expressed as
where v membrane denotes the vibration velocity of the membrane. Substituting Equation (8) into Equation (2) gives
where z membrane denotes the normalized acoustic impedance of the membrane, which can be obtained from the motion equation of membrane vibration, and z Maa δ denotes the acoustic impedance of a single hole under Maa's rigid wall assumption. If Equation (7) is used to calculate this impedance, the end correction for the hole is included.
Equation (13) implies that the acoustic impedance of an MPM hole is a function of the acoustic impedance of the hole under the rigid wall assumption and the acoustic impedance of the membrane vibration in the vicinity of the hole. If it is a limp membrane, the membrane vibration velocity is a constant over the membrane surface when excited by a plane wave and the overall normal acoustic impedance of the MPM is obtained by combining the constant impedance due to the membrane vibration and the impedance due to the perforations. However, in acoustic Li, Cazzolato and Zander, JASA, p. 10 engineering projects, membrane materials are commonly fixed on a rigid frame. Hence, the finite boundary condition of the fixed edge and the tension due to the stretching of the membrane affect the acoustic impedance of the membrane. This acoustic impedance of the finite sized membrane under tension will be a function of the position, as shown in Figure 2 . Therefore, the acoustic impedance obtained from Equation (13) also varies depending on the position coordinates.
Figure 2: Distribution of the membrane vibration velocity (vibrating in the fundamental mode).
The effect of the holes on the membrane motion is neglected. This illustrates that the membrane vibration velocity varies with spatial position. Consequently, the acoustic impedance due to the membrane vibration also varies depending on location. Variable R denotes the distance from the centre of the circular membrane of radius R 0 to the perforation location.
B Motion equation and impedance of membranes considering the viscosity effects on the hole walls
In Equation (13), the the vibration velocity of the membrane v membrane is unknown. It is assumed in this paper that the hole diameter and the perforation ratio are sufficiently small such that the mechanical properties of the membrane (that is, the effective surface density and stiffness) are unaffected by the presence of the perforations (Burgemeister & Hansen, 1996) . When a circular membrane is fixed on a circular rim with a radius of R 0 and driven by a sound pressure ∆p, its motion equation in a polar coordinate system is given by (Kinsler et al., 1999) T
where T is the tension per unit length applied on the membrane surface, ξ (R) is the membrane displacement, R denotes the radial position coordinate on the membrane surface, which has a maximum value at the radius of the membrane R 0 , ρ p is the surface density of the membrane and
As in the case of a string (Walstijn, 2009 ), the internal damping plays an important part in the vibration of a membrane. Extending the expression of the internal damping of a string in Walstijn's work (2009) to that of a membrane, Equation (14) may be rewritten as
where η is the internal damping ratio of the membrane. Note that the damping is related to the curvature of the tensioned, circular membrane in this work, which differs from the conventional expression of complex tension T × (1 + j η) as seen in Song and Bolton's work (2003) and Kinsler
et. al.'s book (1999).
The general solution of Equation (15) is given by
where
T +2 j ω η and the constant B depends on the boundary condition of the membrane vibration ξ (R = R 0 ) = 0. Applying this boundary condition yields
and
Hence, the velocity varying with the radial coordinate is given by
and the corresponding normalized acoustic impedance is expressed as
Integrating over the surface of the membrane and dividing by the membrane area, π R 2 0 , yields the space average vibration velocity and the space average normalized acoustic impedancē
C Acoustic impedance of each perforation of a circular micro perforated membrane
The acoustic impedance of a hole in a circular MPM as a function of its radius is expressed by Equation (13). Substituting Equation (20) into Equation (13) gives the acoustic impedance of a hole as
where Equation (23) is a function of the radial coordinate R, which is related to the membrane geometry (not the radial coordinate r of the air particle in the hole). The effect of the hole position on the hole impedance can be predicted using Equation (23), although it is non-linear and is therefore difficult to investigate analytically. Therefore, an example is utilised here, where a circular micro perforated membrane with surface density ρ p = 0.25 kg/m 2 , is stretched under a tension T = 125 N/m and its internal damping ratio is η = 0.02. It is fixed on a rigid ring with a radius of R 0 = 50 mm. The perforation parameters are: hole radius r 0 = 0.0292 mm; membrane thickness h = 0.17 mm; backing cavity depth D = 25 mm; perforation ratio δ = 0.15%. The resistances and reactances of five holes at different radii calculated using Equation (23), normalized by ρ 0 c 0 , are shown in Figures 3a and 3b . The radial coordinate R of these holes varies from R = 10 mm to R = 50 mm and has been chosen to show the variability of the perforation impedance. The normalized resistances and reactances of a hole calculated by Maa's classic model (Equation (7)) are also shown in these figures. Note that when R = 50 mm,
J 0 (K mem R 0 ) = 1 and the prediction of Equation (23) is consistent with that of Equation (7) and thus Maa's theory. It can be concluded from Figures 3a and 3b that the acoustic impedance of a hole near the centre of the membrane is more significantly affected by the membrane motion than that of a hole near the edge of the membrane. This is because the membrane elements near the centre vibrate more significantly than those near the membrane edge.
In addition, the effects of the membrane vibration on the perforation impedance occur mainly in the low frequency range where the tension and the internal damping affect the membrane impedance significantly. In contrast, the surface density governs the membrane impedance in the high frequency range (mass controlled) and no significant effect of the membrane vibration on the perforation impedance is observed for a constant surface density.
D Combined acoustic impedance of the micro perforated membrane system
In Section C, the acoustic impedance of each hole as a function of location was investigated.
Neglecting the interaction between the holes, the overall acoustic impedance due to the perforations is expressed as a sum over all holes,
where n denotes the nth hole on the membrane surface, R n denotes the radial coordinate of the nth hole and N is the total number of holes. If z hole is uniform, as it is in Maa's model, Equation (24) can be rewritten as
which is consistent with Equation (7).
The same example used in Section C is investigated in this section to demonstrate the effect of the membrane vibration on the overall impedance of the MPM. The overall acoustic impedance predicted by the presented model is compared to that predicted by Maa's model. Note that Equation (24) considers only the acoustic impedance due to the perforations. To investigate the overall impedance of the MPM system, it is also necessary to consider the acoustic impedance of the membrane vibration. If the impedance of the perforation and that of the membrane vibration are known, then the overall impedance may be calculated using the electric-acoustic analogy, giving
where z perforation denotes the impedance due to the perforations obtained by Equation (24) and z vibration denotes the membrane vibration impedance given by Equation (22). Once the overall impedance of the MPM system is obtained, the impedance of the MPM backed by an air cavity and a rigid wall is expressed as
where D is the depth of the air cavity. Therefore, the sound absorption coefficient of an MPM with a backing cavity is given by
where Re(z) and Im(z) are the real and imaginary parts of z, respectively.
III EXPERIMENTAL VALIDATION
The following sections explore the experimental validation of the model derived in Section II. The experimental results are compared with the predicted results and the limitations of the assumptions used in the proposed model are also discussed.
A Experimental parameters
To validate the model developed in this paper, sound absorption experiments were carried out in an impedance tube and at frequencies below the cut-off frequency to ensure plane wave incidence.
The radius of the impedance tube was R 0 = 50 mm. The sound absorption coefficients of four commercially available MPMs were measured using the two-microphone transfer function method
Li, Cazzolato and Zander, JASA, p. 17 (Chung & Blaser, 1980) . The four MPMs were tested for two cavity depths D of 25 mm and 50 mm.
To predict the sound absorption of MPMs, it is crucial to measure the structural parameters of the MPMs, including the radius of the perforations r 0 . The perforations of MPMs 1 to 3 were punched and the perforations were irregular polygons, unlike the circular perforations of MPM 4. The photomicrographs of the perforations of MPM 1 and MPM 4 are shown in Figure 5 as examples. Because of the irregular geometry of the holes in MPMs 1 to 3, the equivalent hole radius r 0 needs to be estimated. The minimum, maximum and average hole radius of MPMs 1 to 3 are shown in Table 1 for 10 randomly selected holes. The factor std is the standard deviation of the measured hole radius of each MPM. Note that the perforations of MPM 4 were quite circular, however in some cases the membrane material covered part of the hole area, as shown in Figure 5b . These areas need to be excluded during the calculation of the equivalent radius of MPM 4. Therefore, 20 holes on MPM 4 were randomly chosen and the equivalent radius measured from each photomicrograph was used to obtain an average equivalent radius for input to the analytical model.
The physical parameters of the MPMs were measured and are shown in Table 2 . The experimental results are compared to the predictions of the model presented in Section B. It was not possible to directly measure the tension T and the damping ratio η by experiments. Hence, the equivalent value set T , η and r 0 used in the analytical model have been obtained from the experimental measurements by fitting the measured data to the model using the optimization toolbox in
Matlab under a number of constraints (Waltz et al., 2006) : positive tension; damping ratio less than 0.05; and hole radius varying from the minimum measured value r 0 min to the maximum measured value r 0 max (listed in Table 1 ). The constrained non-linear optimization was based on the subspace trust region method. The obtained values for T , η and r 0 are shown in Figures 7 and 8 .
B Experimental results and discussions
The experimental results of the four MPMs with an air cavity depth of D = 25 mm are shown in Figure 7 and those for D = 50 mm are shown in Figure 8 . These experimental results are compared to the prediction results of three models: Maa's classic rigid wall model (Equation (7)); the model of a membrane absorber without perforation (Equation (22)) and the presented model (Equation 
The sound absorption coefficients of MPMs 1 to 3 predicted using Maa's model are low compared to the experimental results because the hole diameters are smaller than the range of applicability of Maa's model (roughly around 1 mm), which consequently leads to high calculated normalized acoustic impedances. High normalized acoustic impedance is usually considered as the main reason for the effective sound absorption of micro perforated materials. However, Maa (2006) illustrated that when the normalized resistance of an MPP increases from 1 to 5, its sound absorption coefficient decreases proportionally. Therefore, high resistances and low sound absorptions of MPMs are observed here using Maa's model due to the small perforations considered for MPMs 1 to 3.
To assess the accuracy of the three models for prediction, the coefficient of determination R 2 determination for each model is shown in Figures 7 and 8 , and is given by
where n freq denotes the index of the measured frequency, N freq denotes the total number of measured frequencies, α prediction denotes the predicted sound absorption coefficient and α experiment denotes the measured sound absorption coefficient. As R 2 determination approaches unity, the fidelity of the model increases.
For MPMs 1 to 4, the R 2 determination of the presented model is close to unity. Hence, the presented model provides a good agreement with the experimental results and is suitable for the prediction of the sound absorption of these MPMs. These results confirm that the new boundary condition theory and the derived equations are valid for these MPM samples. The negative R 2 determination is because the error between the measured data and the predicted result is larger than the difference between the measured data and its mean. The negative R 2 determination indicates the inaccuracy of the corresponding model. When calculating the acoustic impedance due to the perforations of MPM 4, it was found that Equation (7) underestimated the impedance due to the thermo-viscous friction. This has also been observed by Tayong et al. (2010) , who used
to estimate the resistance due to the thermo-viscous friction, where ξ is the dynamic viscosity.
They added 4
R s ρ 0 c 0 δ to the normalized impedance due to the perforations. The value of Equation (31) is purely real and represents the resistance due to the thermo-viscous friction only. However, in Rayleigh's (1896) original derivation, R s was expressed as a complex value
Therefore, in the presented model for MPM 4, Equation (32) Note that the additional impedance due to the thermo-viscous friction is only of significance for the acoustic impedance of MPM 4. This can be ascribed to the significant difference between the hole radii of MPMs 1 to 3 and the hole radius of MPM 4. It is observed in Table 2 that the latter is ten times larger than the former. The thickness of the viscous layer is defined by Maa (1975) as
where for air µ = 1.56 × 10 −5 m 2 /s. As shown in Figure 6 , the hole radii of MPMs 1 to 3 are smaller than the thickness of the viscous layer such that the entire hole is covered by the viscous layer which limits the particle velocity in these holes. This results in high acoustic impedance of MPMs 1 to 3 and limited air flow through these holes. Hence, the thermo-viscous friction can be neglected. However, the hole radius of MPM 4 is larger than the thickness of the viscous layer and air can flow through the holes in MPM 4 more easily. The air flow through the holes forms a rotational jet and increases the impedance of the perforations. The flexibility of the membrane material can also contribute to the impedance of the thermo-viscous friction. Therefore, the additional impedance due to thermo-viscous friction was added to MPM 4 only and was neglected for the other three MPMs. Comparing the experimental results of the MPMs, we could also conclude that the main absorption peaks of MPMs 1 to 3 are near the main absorption peaks of the membranes without perforation. As for MPM 4, the main absorption peak moves to the high frequency range and is near the main absorption peak for the predicted result of the rigid membrane model. This may imply that when the perforation is small as is the case for MPMs 1 to 3, the MPM absorption is mainly due to the membrane itself. In these cases, the perforations marginally broaden the sound absorption bandwidth but do not move the absorption peaks significantly. When MPM 4 is considered, the perforations are the main contributor to the sound absorption and the main absorption peak of the MPM is near the theoretical absorption peak due to the perforations.
In Figures 7 and 8 , the thin solid curves represent the predicted results based on Kang Li, Cazzolato and Zander, JASA, p. 22 & Fuchs's method (1999) . Their method is a simplified one which assumes that the acoustic impedance due to the membrane vibration is only dependent on the surface density of the membrane. The finite effect of the membrane vibration on the acoustic impedance is simplified by using a constant 1 in the term of 1 + jω ρ p ρ 0 c 0 , as seen in Equation (29). Consequently, this model is less accurate than the proposed model which considers the response of a finite circular impervious membrane by solving its motion equation and optimizing the corresponding tension and damping.
The mismatch of the experimental results and the predicted results using Kang & Fuchs's model validates this conclusion on the relative accuracy of the two models. Therefore, the proposed model is considered more accurate than the conventional Kang & Fuchs's model. (7), (22), (26) and (29). Equation (7) represents the prediction based on Maa's classic method where the membrane vibration is neglected; Equation (22) assumes that the membrane is unperforated; Equation (26) represents the proposed prediction method; Equation (29) is the conventional method to predict the sound absorption of MPMs which is developed by Kang & Fuchs (1999) . (7), (22), (26) and (29). Equation (7) represents the prediction based on Maa's classic method where the membrane vibration is neglected; Equation (22) assumes that the membrane is unperforated; Equation (26) represents the proposed prediction method; Equation (29) is the conventional method to predict the sound absorption of MPMs which is developed by Kang & Fuchs (1999) .
The structural parameters of MPMs 1 to 4 are all in a similar range of values, except that MPM 4 has a hole diameter an order of magnitude larger than the other three MPMs. The hole diameter and perforation ratio of MPM 4 are close to the structural parameters of a classic MPP, which is typically around r 0 = 1 mm and δ = 1%. The impedance of the holes in MPM 4 is efficiently combined with the acoustic impedance due to the membrane vibration to offer effective sound absorption. On the contrary, the perforations in MPMs 1 to 3 are too small, and the acoustic impedance due to the perforations is thus too high to effectively contribute to the sound absorption.
Extremely high acoustic impedance leads to a poor sound absorption from MPP/MPM absorbers (Maa, 2006) . Therefore, it is concluded that although the sound absorption bandwidths of MPM 1 to 3 have been marginally broadened, the sound absorption properties of these MPMs are mainly governed by the membrane itself. Considering the expense of manufacturing the perforations, incorporating these perforations of this size in commercial sound absorbing materials is likely to be ineffective.
However, the sound absorption values obtained for MPM4 indicate the effectiveness of such micro perforated membranes incorporating holes of suitable size. To achieve their optimum sound absorption, MPMs need to be carefully designed to effectively couple the membrane vibration impedance and the impedance due to the perforations. The presented theory is proposed as a tool to design such MPMs.
C Effect of perforation positions on the sound absorption of MPMs
Based on the theory presented in Section II, it is logical to assume that since the membrane vibration affects the acoustic impedance of the perforations, the overall impedance and sound absorption properties of an MPM could be affected by the perforation positions since the vibration is not uniform over the membrane. By contrast, this presumption is different from the conventional theories which assume that the overall impedance of a flexible micro perforate (thin plate or membrane) is given by the coupled impedances of the material vibration and the perforations based on electric-acoustic analogy or average flow velocity. Hence, in the conventional theories, the overall impedance is independent of the position of the perforations.
To validate this assumption, four additional MPMs were made using the same material as MPM 1. In Section B, it was shown that MPM 1 can essentially be considered unperforated due to its low perforation ratio and small hole diameter.
The four additional MPMs may be categorized into two groups. In Group 1, each MPM was drilled with 73 holes, which hole radius r 0 = 0.31 mm. The holes were arranged at R = 45 mm for one of the manufactured MPMs and were evenly distributed over the membrane surface for the other. Therefore, in Group 1, the perforation ratios of two manufactured MPMs are identical and equal to 0.29%. Similarly, for Group 2, each MPM was drilled with 48 holes. The hole radius r 0 is also 0.31 mm. Therefore, the perforation ratio for each manufactured MPM in Group 2 is 0.19%.
The holes were at R = 45 mm for one of the MPMs and were evenly distributed for the other. In each group, the parameters of the MPMs are identical. Based on the conventional theories, their sound absorption coefficients should be identical, however, based on the proposed theory, their sound absorption coefficients might differ due to the hole positions, i.e. the effect of the membrane vibration on the acoustic impedance of the perforations. Note that the values of the tension and damping are identical to those in Figure 7a because it is assumed that the perforations have no effect on the mechanical properties of the membrane.
The thick solid curves in Figures 10 and 11 are the measured sound absorption coefficient curves for the manufactured MPMs with holes at R = 45 mm and the thin solid curves are those for the manufactured MPMs with holes evenly distributed. There are obvious differences between these curves which demonstrates the effect of the hole positions on the acoustic impedance of the MPMs, and hence supports the proposed theory. Moreover, the predicted curves are close to the experimental results for the corresponding manufactured MPMs, which suggested that the proposed theory is accurate.
Group 1 with 73 holes on each MPM Group 2 with 48 holes on each MPM 
IV SUMMARY
A new method for the prediction of the acoustic impedance and the sound absorption coefficient of a micro perforated membrane (MPM) is introduced in this paper. This method is based on a new boundary condition where the particle velocity at the hole wall boundary, which is assumed to be zero in Maa's theory, is assumed to be equal to the local membrane vibration velocity. By applying this new boundary condition to a circular membrane, it is shown that the acoustic impedance due to the perforation is affected by the membrane vibration and becomes a function of the membrane radial coordinates.
Using this new boundary condition, analytical models for the acoustic impedances of both the impedance associated with the perforations and the membrane vibration impedance are derived.
The variability of the perforation impedance with hole location is investigated theoretically. The impedances due to the perforation and the membrane vibration are combined following the electricacoustic analogy to present the overall impedance of the MPM. This new model is validated by experimental results for MPMs. Moreover, based on the proposed theory, it is validated experimentally that the hole position affects the acoustic impedance and sound absorption of MPMs, even if the MPM parameters, such as the hole radii, the thickness and the perforation ratio, are identical.
This study extends the classic micro perforated theory and offers an accurate model for predicting the performance of flexible finite-sized MPMs. This study provides increased understanding of the coupling between the membrane vibration impedance and the impedance due to the perforations of micro perforated membranes. 
